Abstract. The aim of this study was to clarify the relationship between receptor occupancy and in vivo pharmacological activity of mGluR1 antagonists. The tritiated mGluR1-selective allosteric antagonist [ H]FTIDC revealed that the receptor occupancy level by FTIDC correlated well with FTIDC dosage and plasma concentration. Intracerebroventricular administration of (S)-3,5-dihydroxyphenylglycine is known to elicit face washing behavior that is mainly mediated by mGluR1. Inhibition of this behavioral change by FTIDC correlated with the receptor occupancy level of mGluR1 in the brain. A linear relationship between the receptor occupancy and in vivo activity was also demonstrated using structurally diverse mGluR1 antagonists. The receptor occupancy assays could help provide guidelines for selecting appropriate doses of allosteric mGluR1 antagonist for examining the function of mGluR1 in vivo.
Introduction
Metabotropic glutamate receptors (mGluRs) belong to a family of G-protein-coupled receptors that are activated by L-glutamate. Eight subtypes of the receptor (mGluR1 -mGluR8) have been cloned to date and are classified into groups I, II, and III. mGluR1 and mGluR5 are classified into group I, and they are coupled to phospholipase C via Gq protein and subsequently mobilize intracellular calcium (1) .
Application of functional assays such as Ca 2+ mobilization has led to the identification of allosteric antagonists that interact with sites different from the L-glutamate binding site of mGluR1. These allosteric mGluR1 antagonists exhibit high selectivity to mGluR1, in contrast to orthosteric antagonists, which lack sufficient selectivity between mGluR1 and mGluR5 (2 -9) . An increasing body of animal studies using these mGluR1-selective allosteric antagonists indicate that blockade of mGluR1 could ameliorate CNS disorders such as neuropathic pain (10 -12) , stroke (13, 14) , epilepsy (15, 16) , and psychiatric diseases (17 -20) . On the other hand, behavioral studies using mGluR1 knockout mice or some mGluR1 antagonists suggest that inhibition of mGluR1 might elicit adverse effects such as deficits in motor functions (9, 18, 21, 22) . Therefore, it is important to determine the level of receptor occupancy of mGluR1 necessary to cause these beneficial and adverse effects and whether they are indeed due to the blockade of mGluR1. A representative mGluR1-specific allosteric radioligand, [ 3 H]1-(3,4-dihydro-2H-pyrano [2,3-b] quinolin-7-yl)-2-phenyl-1-ethanone (R214127) was used to measure receptor occupancy of mGluR1 in rat brain (7, 23) . These studies indicated that ex vivo receptor occupancy assays using [ 3 H]R214127 are useful for evaluating brain penetration of systemically administered allosteric mGluR1 antagonists. However, there have been no reports of an apparent relationship between in vivo pharmacological effects with these compounds and receptor occupancy under the same experimental conditions.
4-[1-(2-Fluoropyridin-3-yl)-5-methyl-1H-1,2,3-triazol-4-yl]-N-isopropyl-N-methyl-3,6-dihydropyridine-1(2H)-carboxamide (FTIDC) is a recently identified allosteric mGluR1 antagonist with a novel chemical structure (24) . The compound has high selectivity and equal inhibitory activity toward recombinant human, rat, and mouse mGluR1. We recently reported that central administration of (S)-3,5-dihydroxyphenylglycine [(S)-3,5-DHPG, a mGluR1/mGluR5 dual agonist] causes face washing behavior and that this behavior is mainly mediated by the activation of mGluR1 (25) . Systemic administration of FTIDC inhibits the behavioral change. These findings indicate that FTIDC is a novel and excellent allosteric mGluR1 antagonist with respect to antagonist potency, selectivity, species difference, and brain penetrability (24) . Therefore, radiolabelled FTIDC could be useful for elucidating the function of mGluR1.
The aim of the present study was to clarify the relationship between receptor occupancy and in vivo antagonistic activity of mGluR1 antagonists using [ H]FTIDC in mouse brain revealed a clear correlation between mGluR1 occupancy and the dose or plasma concentration of the peripherally administered mGluR1 antagonist. The current study demonstrates that inhibition of (S)-3,5-DHPG-induced face-washing behavior by allosteric mGluR1 antagonists is proportional to receptor occupancy level in the brain, confirming this inhibition is due to blockade of mGluR1 in the brain. In addition, these studies with [ 
Materials and Methods

Reagents and chemicals FTIDC and [
3 H]FTIDC (85 Ci /mmol) were synthesized in-house (Fig. 1 ). L-Glutamate was purchased from Sigma-Aldrich (St. Louis, MO, USA). (+)-2-Methyl-4-carboxyphenylglycine (LY367385), (S)-3,5-DHPG, L-quisqualate, and 2-methyl-6-(phenylethynyl)pyridine (MPEP) were purchased from Tocris Bioscience
, and 3-cyclohexyl-7-cyanopropyloxy-4H-pyrano [2,3-b] pyridin-4-one (Compound C) were synthesized in-house. L-proline was purchased from Wako Pure Chemical Industries (Osaka). Dialyzed fetal bovine serum, culture media, and other reagents used for cell culture were purchased from Invitrogen (Carlsbad, CA, USA). All other reagents used were of molecular or analytical grade.
Animals
Male CD-1 (ICR) mice (5 -8-week-old) were obtained from Japan SLC (Shizuoka). mGluR1 knockout mice were generated by Deltagen (San Carlos, CA, USA). In brief, the Grm1 gene was inactivated by homologous recombination in ES cells (derived from the 129/OlaHsd mouse substrain) by deletion of nucleotides 433 to 471 of the coding sequence of the Grm1 gene, followed by introduction of a LacZ-Neo cassette. F1 mice were generated and were repeatedly backcrossed with C57BL/6 females to produce heterozygous offspring (N5). These mice were introduced from Deltagen (identification number, T801) mGluR1 Occupancy and In Vivo Effect and additionally backcrossed twice to a C57BL /6N background (N7) in house. Homozygous knockout and wild-type littermates used in the present study were generated by intercrosses of N7 mice.
All mice were group-housed (5 -6 mice per cage) in a controlled animal room (room temperature: 23 ± 2°C, humidity: 55 ± 15%) on a 12-h light/dark cycle (lights on between 7:00 AM and 7:00 PM), with food and water available ad libitum. Experiments were carried out between 9:00 AM and 5:00 PM. All animal studies were approved by Banyu Institutional Animal Care and Use Committee.
Stable cell lines
CHO (Chinese hamster ovary)-dhfr (dihydrofolate reductase)
− cells stably expressing human mGluR1a (CHO-hmGluR1a) were obtained as described previously (26) . The cell line was cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% dialyzed fetal bovine serum, 100 units/ml penicillin, 100 units /ml streptomycin, and 1% proline at 37°C with 5% CO 2 in a humidified atmosphere.
Intracellular Ca
2+ mobilization Functional assays based on intracellular Ca 2+ mobilization were conducted according to previously described methods (24) . In brief, CHO-hmGluR1a was seeded at 5 × 10 4 cells /well in a 96-well plate and cultured overnight. The cells were then incubated with 4 μM Fluo-3 for 1 h, and then the extracellular dye was removed by washing the cells. Ca 2+ flux was measured using a fluorometric imaging plate reader (FLIPR; Molecular Devices, Sunnyvale, CA, USA). Test compounds were applied 5 min before the application of L-glutamate. The final concentration of L-glutamate was 10 μM.
Membrane preparation
CHO-hmGluR1a was cultured in the medium described above. Confluent cells were washed with ice-cold phosphate-buffered saline and stored at −80°C until membrane preparation. After thawing, the cells were suspended in 3 volumes of ice-cold buffer A (10 mM MOPS, 154 mM NaCl, 10 mM KCl, 0.8 mM CaCl 2 , pH 7.4) containing 20% sucrose and homogenized using a Polytron homogenizer (Kinematica, Basel, Switzerland). The homogenate was centrifuged at 10,000 × g for 20 min at 4°C. The supernatant was collected and centrifuged at 100,000 × g for 60 min at 4°C. The resultant pellet was suspended in buffer B (20 mM HEPES, pH 7.4 and 0.1 mM EDTA) supplemented with protease inhibitor cocktail (Complete EDTA-free; Roche Diagnostics, Mannheim, Germany) and centrifuged at 100,000 × g for 60 min at 4°C. The pellet was resuspended in the same buffer and stored in aliquots at −80°C until use. Protein content was measured by the BCA method (Sigma-Aldrich) with bovine serum albumin as a standard.
Brains were removed from male CD-1 mice. The cerebellum was dissected on ice and homogenized in ice-cold 20 mM HEPES, pH 7.4 containing 10 mM EDTA using a Polytron homogenizer. The homogenate was centrifuged at 1,000 × g for 15 min at 4°C and then the supernatant was centrifuged at 40,000 × g for 15 min at 4°C. The resultant pellet was suspended in ice-cold 50 mM Tris, pH 7.4 supplemented with protease inhibitor cocktail and centrifuged at 40,000 × g for 15 min at 4°C. The pellet was resuspended in the same buffer and stored in aliquots at −80°C until use. 
H]FTIDC
Mice received an intraperitoneal injection of vehicle (0.5% methylcellulose); FTIDC (1 -100 mg/kg); EMQMCM (1 -10 mg/kg); Compounds A, B, and C (10 -30 mg/ kg). Blood samples were collected into plastic tubes containing heparin by cardiac puncture under ketamine/xylazine anesthesia 30 min after administration of the compounds. The brains were rapidly removed from the skulls and were immediately frozen in dry ice-cooled 2-methylbutane (−40°C) for determination of receptor occupancy and then stored at −80°C until sectioning. Twenty-μm-thick sections were cut from the frozen brains using a cryostat microtome (Microm HM 500 O; Microm, Walldorf, Germany) and thaw-mounted on SuperFrost Plus microscope slides (Thermo Fisher Scientific, Waltham, MA, USA). The sections were stored at −20°C until use.
Brain sections were thawed and incubated with 4 nM [ 3 H]FTIDC in 50 mM Tris containing 1.2 mM MgCl 2 , 2 mM CaCl 2 (pH 7.4), and 0.1% BSA for 3 min at room temperature. Incubation was limited to 3 min to minimize dissociation of the administered drug from the receptor. After incubation, the sections were washed (3 × 4 min) with ice-cold 50 mM Tris containing 1.2 mM MgCl 2 and 2 mM CaCl 2 (pH 7.4). The sections were then dried under a stream of air and radioligand binding was evaluated using a β-imager 2000 (BioSpace, Paris, France). The levels of bound radioactivity in the brain areas were directly determined by counting the number of β-particles emerging from the delineated area (region of interest) by using the Beta vision + program (version 2.0, BioSpace). Consequently, the radioligandbinding signal was expressed in counts per minute per square millimeter.
Quantitative autoradiography of brain sections from wild-type and mGluR1 knockout mice using [ Compound concentrations in blood samples were determined by liquid chromatography tandem mass spectrometry (LC-MS /MS). Compounds in plasma samples were extracted with ethanol containing the internal standard. Quantitative analyses were performed by the relative calibration curve method using both an authentic standard and an internal standard.
(S)-3,5-DHPG-induced face washing behavior in mice (S)-3,5-DHPG-induced face washing behavior studies in mice were performed according to the previously described method (25) . In brief, (S)-3,5-DHPG (10 nmol) was dissolved in 0.9% NaCl, and 10 μl was intracerebroventricularly administered using a Hamilton syringe. Test compounds suspended in 0.5% methylcellulose solution were given intraperitoneally 30 min prior to administration of (S)-3,5-DHPG. Animals were placed in an acrylic box (10 × 15 × 13 cm) immediately after the administration of (S)-3,5-DHPG, and their behavior was monitored between 5 and 10 min after the (S)-3,5-DHPG injection. (S)-3,5-DHPG caused characteristic behaviors including face-washing behavior.
The face-washing behavior was defined as wiping of the face from the ear to the mouth with forelimbs, which is likely similar to facial grooming of the scratching syndrome described by the previous report (27) . Duration of face-washing behavior was recorded by the time-recorder with keypads (Neuroscience, Tokyo). Effects of various drugs on face-washing behavior were recorded 5 min after administration of (S)-3,5-DHPG for 5 min. The numbers of animals tested in each group (n) were 5 -11, 6, 6, 10, and 5 -10 for evaluations of FTIDC, Compound A, Compound B, Compound C, and EMQMCM, respectively. Percent inhibition of (S)-3,5-DHPG-induced facewashing time was defined as follows:
where A is the face-washing time in mice treated with both (S)-3,5-DHPG and a test compound, B is the mean face-washing time in each mouse treated with vehicle alone, and C is the mean face-washing time in mice treated with (S)-3,5-DHPG alone.
Data analyses and statistics
Unless stated otherwise, all data analyses were performed by using Prism (version 4.03) from GraphPad Software (La Jolla, CA, USA). In saturation binding and competition binding experiments using membranes prepared from CHO-hmGluR1a, the dissociation constant (K D ) and the maximal number of binding sites (B max ) for [ Fig. 2A) , with a K D value of 2.1 ± 0.40 nM and a B max value of 26 ± 2.2 pmol/mg protein (mean ± S.E.M., n = 3). Saturation binding curves using mouse cerebellar membranes indicated a K D value of 3.7 ± 0.26 nM and a B max value of 0.99 ± 0.11 pmol/ mg protein (mean ± S.E.M., n = 3) (Fig. 2B) .
Representative mGluR1 ligands were tested for inhibition of [ (Fig. 3) . FTIDC itself displaced [ (Fig. 4A) . In forebrain sections at the striatal level, a high degree of [ H]FTIDC binding in the striatal region of wild-type mice was 37 ± 1.0% (mean ± S.E.M., n = 8) of that in the cerebellum (Fig. 4G) . 
Ex vivo receptor occupancy for mGluR1
Ex vivo receptor occupancy assays for mGluR1 were conducted in order to examine the relationship between receptor occupancy level in the brain and either the dose of systemically administered allosteric mGluR1 antagonist or its plasma concentration. [ 3 H]FTIDC binding was dose-dependently inhibited in cerebellar and striatal sections prepared from mice that had received FTIDC systemically. Receptor occupancy of mGluR1 was detectable at more than 3 mg/kg, and maximal occupancy was obtained at 100 mg/ kg. ED 50 values (dose of the compound required to occupy 50% of mGluR1) were 25 mg/kg (19 -32, 95% confidence limits) and 13 mg/kg (11 -15, 95% confidence limits) in the cerebellum and the striatum, respectively (Fig. 5A) . The plasma concentrations of FTIDC were determined in the same mice. As shown in Fig. 5B , the receptor occupancy level by FTIDC was clearly correlated with the plasma concentration of the compound. Plasma EC 50 values (plasma concentration of the compound required to occupy 50% of mGluR1) in the cerebellum and the striatum were 430 nM (290 -640, 95% confidence limits) and 150 nM (110 -200, 95% confidence limits), respectively.
Correlation between receptor occupancy and in vivo activities by allosteric mGluR1 antagonists
We examined the relationship between the level of mGluR1-receptor occupancy by allosteric mGluR1 antagonists and the degree of inhibition in face-washing (24) . Data are expressed as means ± S.E.M. from more than three individual experiments. behavior elicited by the group I mGluR agonist (S)-3,5-DHPG. FTIDC inhibited (S)-3,5-DHPG-induced face washing behavior in a dose-dependent manner ( Table 2 ). The percent inhibition of (S)-3,5-DHPG-induced face washing behavior by FTIDC was plotted against the receptor occupancy level at the corresponding dose of FTIDC (Fig. 6A) . There was good linear correlation between the receptor occupancy level and the degree of inhibition of (S)-3,5-DHPG-induced face washing behavior by FTIDC (r 2 = 0.83 and 0.88 in the cerebellum and the striatum, respectively). The receptor occupancy levels of FTIDC required to achieve 50% inhibition of (S)-3,5-DHPG-induced face washing behavior were calculated to be 24% and 35% in the cerebellum and striatum, respectively.
To further validate the correlation between receptor occupancy of mGluR1 and inhibition of the behavioral change, Compound A was used. This compound also exhibited dose-dependent and plasma concentrationdependent receptor occupancy in the cerebellum and striatum (Table 3 ). Like FTIDC, Compound A inhibited (S)-3,5-DHPG-induced face-washing behavior by 46 ± 14% (P<0.05) and 97 ± 6.6% (P<0.001) (mean ± S.E.M., n = 6) at 10 and 30 mg/ kg, respectively. Compound A produced a linear correlation between the receptor-occupancy level and the degree of inhibition of (S)-3,5-DHPG-induced face washing behavior (r 2 = 0.96 and 0.96 in the cerebellum and the striatum, respectively; Fig. 6B ).
Other mGluR1 antagonists with diverse structures (Fig. 7A) were used to confirm the correlation between mGluR1-receptor occupancy and inhibition of (S)-3,5-DHPG-induced face-washing behavior. Compounds B and C were novel mGluR1 antagonists with IC 50 values (nM) of 26 ± 5.7 (n = 3) and 110 ± 38 (n = 3) for Lglutamate-induced Ca 2+ mobilization in CHO-hmGluR1a. EMQMCM is a known mGluR1 antagonist (29) with the functional IC 50 value of 8.1 ± 0.73 nM (n = 25). The percent inhibition of the face-washing behavior by these compounds in addition to FTIDC and Compound A was collectively plotted against the receptor occupancy level in the striatum at the corresponding dose of the compounds (Fig. 7B) , indicating a good linear correlation (r 2 = 0.85). (8, 30) . The rank order of K i of the allosteric antagonists to mGluR1 in the present study is similar to that of their inhibitory potencies (IC 50 ) obtained from functional assays using the same cell line, as shown in Table 1 . These results show that structurally unrelated allosteric mGluR1 antagonists can be pharmacologically characterized by a single allosteric mGluR1 radioligand such as [
Discussion
Receptor occupancy levels in the cerebellum and the striatum were determined in the present study. The molecular layer of the cerebellum is the brain region most abundantly expressing mGluR1, but it required careful measurement of the region of interest (ROI) because the molecular layer is not uniform in the cerebellum. The striatum is the forebrain region with a moderate level of mGluR1 expression and relatively homogenous structure, where receptor occupancy levels can be more easily and precisely determined compared with other brain regions. Therefore, those two brain regions were chosen for determination of receptor occupancy. High specificity of [ The receptor occupancy of mGluR1 in mice following systemic administration of FTIDC was correlated to dosage levels and concentrations of FTIDC in the plasma. ED 50 and plasma EC 50 values (25 mg/kg and 430 nM, respectively) in the cerebellum were somewhat higher than those in the striatum (13 mg/kg and 150 nM, respectively). Consistent with these results, the ED 50 value of (3,4-dihydro-2H-pyrano [2, 3] b quinolin-7-yl) (cis-4-methoxycyclohexyl) methanone (JNJ16259685) in the cerebellum was higher than that in the thalamus in an ex vivo receptor occupancy study in rats using [ 3 H]R214127. The difference in ED 50 s from different brain regions might be due to a difference in distribution of the compound among the brain regions (7) . Further studies will be necessary to determine if the observed regional difference in receptor occupancy by FTIDC is biologically significant. The pharmacological effects of allosteric mGluR1 antagonists indicate the involvement of mGluR1 in CNS disorders, but to date, the amount of receptor occupancy by mGluR1 antagonists required to obtain these pharmacological results has not been demonstrated. The first ex vivo receptor occupancy study using [ 3 H]R214127 indicated a relationship between receptor occupancy level and a given dose for two allosteric mGluR1 antagonists ([(3aS,6aS)-6a-naphtalan-2-ylmethyl-5-methylidenhexahydro-cyclopental[c]furan-1-on] (BAY 36-7620) and 2-quinoxaline-carboxamide -N-adamantan-1-yl (NPS 2390)) 1 h after subcutaneous administration to rats (23) . However, in vivo pharmacological studies with BAY 36-7620 have not been performed under conditions corresponding to the receptor occupancy study (13, 15) , and no in vivo pharmacological study has been published for NPS2390. Receptor occupancy by another allosteric mGluR1 antagonist, JNJ16259685, was evaluated at various time points after subcutaneous dosing to rats (7) , and in vivo rat efficacy studies have been carried out by intraperitoneal dosing (18, 31) . Alternatively, the in vivo pharmacological effects of JNJ16259685 in mice have been discussed based on the results of receptor occupancy determined using rats (32). As stated above, there have been no directly comparable data between in vivo pharmacological studies and receptor occupancy experiments for mGluR1; therefore, the relationship between receptor occupancy level of mGluR1 and in vivo activity of allosteric mGluR1 antagonists has been unclear. To evaluate the precise relationship between receptor occupancy and in vivo antagonistic effects, studies should be conducted under the same experimental conditions including the same animal species, compound dose, routes of administration, and timing of evaluation after dosing, for both receptor occupancy experiments and in vivo pharmacological tests.
In the present study, we examined the relationship between the degree of receptor occupancy on mGluR1 and (S)-3,5-DHPG-induced face washing behavior as an in vivo pharmacological test under comparable experimental conditions. (S)-3,5-DHPG is a dual agonist for mGluR1 and mGluR5 (33) . Some behavioral changes, including facial grooming, are elicited when (S)-3,5-DHPG is intracerebroventricularly administered to mice (27) . We also observed similar behavior following intracerebroventricular administration of (S)-3,5-DHPG and referred to it as 'face-washing behavior' (25) . This behavioral change was inhibited by specific mGluR1 antagonists such as [(4-methoxy-phenyl)-(6-methoxyquinazolin-4-yl)-amine, HCl] (LY456236), and FTIDC, but not by an mGluR5 antagonist, MPEP (25, 27) . The dose of MPEP used in our previous study was 30 mg/ kg (i.p.) that was threefold higher than dose occupying about 70% of mGluR5 in the receptor occupancy assay (34) . Furthermore, a group II /III mGluR antagonist, LY341495, did not inhibit the behavioral change (25) . These behavioral studies indicated that (S)-3,5-DHPGinduced face-washing behavior is mediated via activation of mGluR1. Therefore, (S)-3,5-DHPG-induced face-washing behavior is a useful assay to evaluate in vivo antagonism of mGluR1 function. Experiments with mGluR1-knockout mice may be useful for further validation of the involvement of mGluR1 in (S)-3,5-DHPG-induced face washing behavior. However it is difficult to evaluate face-washing behavior due to severe cerebellar ataxia observed in the mice (21, 22) . The physiological or pathophysiological relevance of (S)-3,5-DHPG-induced face washing behavior is not clear, but it might be related to ritualistic behavior (such as hand-washing) observed in obsessive-compulsive disorder (OCD) in humans. Fronto-striatal abnormalities have been hypothesized to represent the core pathology in human OCD (35) , and glutamate levels in CSF have been reported to be significantly higher in OCD patients compared to control subjects (36) . Therefore, (S)-3,5-DHPG-induced face-washing behavior might be a potential animal model for obsessive compulsive behavior. To validate this hypothesis, further studies will be necessary. Especially, it will be important to evaluate effects of some drugs like selective serotonin reuptake inhibitors on (S)-3,5-DHPG-induced facewashing behavior.
In the current study, FTIDC was intraperitoneally administered to mice 30 min before intracerebroventricular injection of (S)-3,5-DHPG, and then the amount of time spent in face-washing behavior was measured for 5 min starting at 5 min after injection of (S)-3,5-DHPG. We determined mGluR1-receptor occupancy levels 30 min after intraperitoneal injection of mGluR1 antagonists at the corresponding dose. These matched experimental conditions allowed us to accurately assess the relationship between receptor occupancy and in vivo activity of allosteric mGluR1 antagonists. Correlation analysis revealed a linear relationship between the receptor occupancy level of mGluR1 and the degree of inhibition of (S)-3,5-DHPGinduced face washing behavior by FTIDC. The correlation obtained by the results with only FTIDC may also be interpreted by off-target (mGluR1-unrelated) activities derived from its chemical structure. Thus, correlation of receptor occupancy with inhibition of the behavioral change was further validated using various known and novel allosteric mGluR1 antagonists with diverse chemical structures (Compounds A -C and EMQMCM). The correlation analysis revealed that there is an
